I. Introduction {#sec0001}
===============

In the era of genomics and proteomics, direct coupling of proteins to their DNA‐coding sequence is extremely valuable as it holds potential to derive functional information from unknown open reading frames. Proteins can be identified by virtue of their unique functional properties and their encoding gene subsequently isolated. Replicating nanoparticles, such as bacteriophages, have proven ideal for this type of application as they can be designed to display peptides or proteins of interest on their surface while encapsidating the gene of interest. Due to the exceptional titers that phages can achieve, the diversity of the resultant prokaryote‐based libraries is very high. Successful examples of such a display technology include isolation of antibodies from large combinatorial libraries displayed on the surface of bacteriophages. Phage display, however, has notable limitations due to the simple posttranslational machinery provided by the prokaryotic host.

The eukaryote‐based baculovirus expression vector system (BEVS), primarily based on the use of *Autographa californica* multiple nucleopolyhedrovirus (AcMNPV), was developed during the 1980s ([@bib0021], [@bib0046], [@bib0047], [@bib0048], [@bib0069], [@bib0070]). Complex animal, human, and viral proteins, requiring folding, subunit assembly, and/or extensive posttranslational modification, can be successfully expressed using this system ([@bib9000]). The successful and wide adoption of BEVS benefits the choice of AcMNPV as a candidate for the development of a safe eukaryotic display system aimed at proper presentation of antigens, gene delivery to mammalian cells as well as development of eukaryotic libraries.

II. Targeting of Baculoviral Vectors by Surface Display {#sec0002}
=======================================================

Surface glycoproteins of enveloped viruses are attractive candidates for control and manipulation of cellular recognition. The limitations of prokaryotic display systems regarding posttranslational modifications and folding of the displayed proteins has led to the development of alternative eukaryotic display systems. During the last decade, the expression of foreign peptides and proteins on the baculoviral surface has been quite extensively studied and display has already been employed in a number of applications. Although an insect virus, the tropism and transduction efficiency of AcMNPV with respect to mammalian cells or tissues can be manipulated by a variety of techniques including mutation of the major viral envelope protein (gp64), incorporation of targeting peptides or antibodies into virions, and vector pseudotyping ([Fig. 1](#fig0001){ref-type="fig"} ).Fig 1A generalized schematic outline of the multifunctional baculovirus display technology used for eukaryotic library development and mammalian gene delivery. Entry of baculovirus into mammalian cells is thought to be similar to that for insect cells. The receptor molecule(s) for baculovirus binding and entry are unknown, but they have been suggested to involve common cell surface components. The virus enters mammalian cells by endocytosis followed by low‐pH--induced membrane fusion with endosomes and capsid release into the cytoplasm. The capsid is then transported toward the nucleus along actin filaments and enters the nucleus presumably through nuclear pores followed by uncoating and release of the genome. Through incorporation of ligands with high and specific affinities into the virus envelope, it is possible to target baculoviral transduction to desired cell types expressing the receptor molecule for the displayed ligand. Foreign peptides or proteins can be displayed on the baculovirus envelope as N‐terminal (A) or internal (B) fusions to gp64, using a heterologous membrane anchor derived from VSV‐G (C) for example, or by fusion to the major capsid protein, vp39 (D). The displayed proteins are directed to the surface of the recombinant baculovirus‐infected insect cells using a signal sequence derived from the major AcMNPV envelope protein gp64 (gp64ss) for example. Genes encoding the fusion proteins are then coupled with a strong baculoviral promoter (e.g., polh or p10) for strong expression in insect cells. The vectors can be further equipped with an expression cassette encoding a reporter or a suicide gene under a mammalian promoter (e.g., CMV or SV40), enabling transduction monitoring in mammalian cells. Cell surface display can be applied in library screening for studying ligand--receptor interactions and antigen recognition. Display on the viral envelope provides possibilities for transductional targeting, whereas capsid display rather facilitates studies on intracellular trafficking as well as nuclear targeting of the virus.

The extensive diversity of mammalian cells that can be transduced by baculovirus vectors implies that the entry and uptake mechanisms of this insect virus by mammalian cells are universal ([@bib0033]). Therefore, several strategies have been developed to restrict viral transduction to desired cell types. Baculovirus transduction has generally been considered as safe and nontoxic to mammalian cells, and cell growth has not been stalled even at notably high MOIs ([@bib0024]). Baculovirus enters insect cells by endocytosis followed by a low‐pH--induced fusion of the viral envelope with the endosomal membrane, consequently permitting viral entrance into the cytoplasm and nucleus ([@bib0014]). Correspondingly, baculovirus is considered to enter mammalian cells via the same route ([Fig. 1](#fig0001){ref-type="fig"}), as gene expression is inhibited by lysosomotropic agents that inhibit endosomal maturation ([@bib0007], [@bib0025], [@bib0081]). In addition to clathrin‐mediated endocytosis, baculovirus is presumably internalized by macropinocytosis ([@bib9002]). Although the receptor molecule(s) of AcMNPV are unknown, the cell surface molecules for the attachment and entry of the virus have been suggested to involve common constituents of the cell membrane including phospholipids or heparan sulfate proteoglycans ([@bib0015], [@bib0076]). Despite the somewhat limited knowledge regarding the molecular mechanism involved in baculovirus entry, functional alteration of baculovirus tropism has been achieved.

Gp64 is the major baculoviral envelope (phospho)glycoprotein ([@bib0084]) that is present on the surface of infected insect cells and on budded virions as homotrimers, forming typical peplomer structures at the pole of the virion ([@bib0042], [@bib0057]). For the budded form of AcMNPV, it has been shown that gp64 determines the viral receptor preference in inhibition studies with a monoclonal anti‐gp64 antibody and, therefore, defines both the host range and the infection efficiency of the host ([@bib0027], [@bib0085]). Gp64 is necessary for the low‐pH--triggered membrane fusion activity ([@bib0004], [@bib0029], [@bib0042], [@bib0057], [@bib0061]) and is essential for viral budding from insect cells ([@bib0056]) as well as spreading the infection through cell‐to‐cell transmission ([@bib0049]). Permissive epitope insertions into the gp64 have been achieved without altering or disturbing viral infectivity. One example of this approach is a study where [@bib0018] took advantage of the naturally occurring *Not*I restriction site of gp64 at amino acid position 278 and nondestructively inserted two short peptides, that is, ELDKVA of the human immunodeficiency virus type 1 (HIV‐1) gp41 and an eight amino acid streptavidin binding streptagII into the coding region of gp64. In a subsequent study, the ELDKVA peptide was also inserted into 17 different positions of gp64, where viral propagation was retained in as many as 13 cases, indicating that insertions of the affinity tags did not considerably affect the expression or function of gp64 ([@bib0071]). Thus, small peptides with specific and high affinities to receptors on mammalian cells could be introduced into gp64 for targeting to desired cell types.

While direct modification of native gp64 may be advantageous ([@bib0017], [@bib0018], [@bib0071]), fusion of heterologous proteins and ligand‐binding moieties to an extra copy of the *gp64* gene has generally been the method of choice for altering the baculovirus tropism. [@bib0006] were the first to demonstrate display of foreign proteins on the surface of baculovirus analogous to the established prokaryotic phage display systems. Glutathione‐S‐transferase was used to construct several fusion variants with the *gp64* gene. In addition, the HIV‐1 major surface glycoprotein, gp120, was successfully incorporated to the amino terminus of gp64, illustrating functional ligand‐binding activity when displayed on the viral surface ([@bib0006]). This report was followed by a study where another HIV‐1--derived protein, the ectodomain of gp41, was coupled with both the native and truncated (membrane anchor) forms of gp64 ([@bib0020]). To diversify the growing collection of heterologous gp64 fusion constructs, [@bib0050] published a novel report where the green fluorescent protein (GFP) of *Aequorea victoria* or *Rubella virus* spike proteins E1 and E2 were displayed for the first time on the surface of an enveloped virus as N‐terminal fusions to gp64. Together, these initial reports illustrated that gp64 is a suitable fusion partner for functional display of foreign polypeptides on the viral surface, providing growing possibilities for viral vector targeting. Next, the gp64 display strategy was expanded to include presentation of targeting moieties, that is, murine and human single chain antibody fragments (scFv) for the hapten 2‐phenyloxazolone and carcinoembryonic antigen (CEA), respectively, and synthetic IgG‐binding Z/ZZ‐domains of protein A ([@bib0051]). The viruses exhibited strong binding ability to the corresponding antigens and intact antibodies *in vitro*, demonstrating that the characteristics of the displayed polypeptides were preserved when presented on the viral surface. To achieve targeted baculovirus transduction, the viruses displaying ZZ‐domains or scFv specific for the CEA were further modified to include a dual expression cassette containing GFP and enhanced green fluorescent protein (EGFP) under the transcriptional regulation of the polyhedrin and CMV promoters, respectively, allowing monitoring of transgene expression in both insect and mammalian cells ([@bib0053]). Despite improved binding, enhanced transgene expression was not observed. A baculovirus displaying an integrin‐specific motif, RKK, as a part of two different loops of GFP fused with the gp64 was shown to bind a peptide representing the receptor‐binding site of an α2 integrin, the α2I domain, by ELISA. Again, this interaction was not strong enough to overcome binding of wild‐type gp64 to unknown cellular receptor(s) on the surface of α2 integrin‐expressing Chinese hamster ovary (CHO) cells or to improve virus uptake ([@bib0065]). Thus, although enhanced viral binding to desired targets has been achieved, this interaction has generally not led to improved internalization and gene transduction of the vectors. In a study, however, the avidin‐biotin technology was used for baculovirus targeting, resulting in both enhanced and targeted transduction ([@bib0064]). Due to its positive charge at physiological pH, avidin itself was demonstrated to enhance viral transduction of rat malignant glioma cells (BT4C) and rabbit aortic smooth muscle (RAASMC) cells by 5‐ and 26‐fold, respectively. Moreover, chimeric avidin--gp64 enabled viral targeting and efficient gene transfer to biotinylated cells, possibly providing a versatile tool for gene delivery. The display of αVβ3‐integrin--specific RGD motifs, derived from the C‐terminus of coxsackievirus A9 or human parechovirus 1 VP protein, on the viral surface, resulted in both improved binding and, thus, enhanced transduction of human lung carcinoma cells expressing αVβ3‐integrins ([@bib0044], [@bib9003]).

Although foreign protein sequences have mainly been displayed on the viral surface after fusion to gp64, heterologous viral glycoproteins are capable of serving in the same context. As a model system, a truncated form of the vesicular stomatitis virus glycoprotein (VSV‐G) was discovered to enhance display and enabled scattered distribution of the EGFP fusion proteins on the viral envelope ([@bib0011]), whereas gp64 fusions normally accumulate only at the pole of the virion. To apply this fusion strategy to baculovirus targeting, the VSV‐G transmembrane anchor, comprising 29 amino acids of the cytoplasmic domain, the 20‐amino acid membrane spanning region in addition to the 21‐amino acid truncated ectodomain, was fused with the IgG‐binding ZZ domains of protein A ([@bib0054]) and displayed on the surface of baculovirus vectors. The ZZ‐displaying viruses showed improved binding to IgG and, in principle, these vectors could be targeted to any desired cell type when a suitable IgG antibody is available, eliminating the need of preparing distinct vectors for each application. Improved transduction was not observed, however, when GFP was used as a reporter. To gain cancer cell‐selective tropism of baculovirus, the LyP‐1 ([@bib0035]), F3 ([@bib0062]), and CGKRK ([@bib0026]) tumor‐homing peptides were displayed on the surface of baculovirus by fusion to the membrane‐anchoring signal of VSV‐G ([@bib9001]). To increase the specificity, the VSV‐G fusion strategy was further modified by excluding the 21‐amino acid VSV‐G ectodomain, known to mediate nonspecific binding and transduction of the baculovirus vectors ([@bib0031], [@bib0054]). These vectors exhibited significantly improved binding and transgene delivery to both human breast carcinoma and hepatocarcinoma cells, highlighting the potential of targeted baculovirus vectors in cancer gene therapy. In addition to VSV‐G, a class I transmembrane protein, the membrane‐spanning region of a class II membrane protein, neuraminidase A of influenza virus, is capable of serving as an N‐terminal anchor domain for efficient display of EGFP on the viral surface ([@bib0005]), providing an alternative display strategy to gp64 or VSV‐G membrane anchors.

Analogous to surface display, a novel baculovirus capsid display method has been developed ([@bib0034], [@bib0055]). This technique is based on the display of foreign proteins or peptides on the surface of the viral capsid as amino or carboxy terminal fusions to the major AcMNPV capsid protein vp39 ([@bib0078], [@bib0079]). In the first capsid display report, vp39 was demonstrated to be compatible for incorporation of a foreign protein molecule, EGFP, in large quantities. EGFP was successfully fused either to the N‐ or C‐terminus of vp39 without compromising the viral titer or functionality ([@bib0034]). In addition, it was proposed that the block in transduction of mammalian cells by baculovirus lies in the cytoplasmic trafficking or nuclear import instead of viral escape from the endosomes, as had previously been suggested. Thus, this new tool provides possibilities for specific intracellular and nuclear targeting of the viral capsids, and facilitates baculovirus entry and nuclear import studies in both insect and mammalian cells.

It is now evident that heterologous targeting moieties with specific and high avidities can be functionally displayed in large quantities on both the baculovirus envelope and capsid. Although targeting appears to be an attractive concept to enhance baculoviral transduction of specific cell types, its applicability in human disease could be partly limited by the fact that mammalian host cell nonpermissiveness cannot always be reversed simply by making baculoviral binding and entry possible. Therefore, tissue targeting and nuclear localization signals could be displayed in different combinations on the viral envelope and nucleocapsid, respectively, enabling both cellular and nuclear targeting. In addition to appropriate targeting molecules, introduction of tissue‐specific promoters and complement resistance ([@bib0028]) into the baculovirus vectors could enable targeting of this insect virus to desired cells and tissues *in vivo* and therefore provide potential applications in gene therapy.

III. Altering the Tropism of Baculoviral Vectors Through Pseudotyping {#sec0003}
=====================================================================

Pseudotyping, that is, phenotypic mixing, is a process in which the natural envelope glycoproteins of the virus are modified, replaced, or expressed with surface (glyco)proteins from a donor virus. In this way, the host range of virus vectors can be expanded or altered. If successful, such particles possess the tropism of the virus from which the protein was derived. The vesicular stomatitis virus (VSV) G‐protein (VSV‐G) is among the first and still most widely used glycoprotein for pseudotyping viral vectors due to the very extensive tropism and stability of the resulting pseudotypes. Generation of VSV‐G pseudotypes from a number of viruses has been described earlier. Both native and modified VSV‐G have been extensively used for pseudotyping retroviruses ([@bib0013], [@bib0016], [@bib0023], [@bib0068]), adenoviruses ([@bib0087]), and herpesviruses ([@bib0001], [@bib0075]), for example. In the case of VSV‐G--pseudotyped viral vectors where tissue targeting through ligand incorporation into VSV‐G has been endeavored, several factors including the lack of three dimensional crystal structure of the glycoprotein, has rendered the tropism modification challenging. Regardless, permissive epitope/ligand insertion sites have been identified within native VSV‐G that allow modification of the protein without compromising folding or oligomerization ([@bib0023]). In addition, the use of different recombinant VSV vectors for vaccine production has been broadly studied ([@bib0045], [@bib0066]) and different truncated forms of VSV‐G have served as partners for constructing chimeric fusion proteins to facilitate the study of the biological properties of viral or cellular membrane glycoproteins ([@bib0003], [@bib0008], [@bib0036], [@bib0067]). While the VSV‐G--pseudotyped vectors are valuable for many diverse studies and even for some preliminary clinical applications, their promiscuous susceptibility for target cells and tissues may contribute to toxicity and serious adverse effects through transduction of nontarget cells ([@bib0009], [@bib0052], [@bib0082]).

Pseudotyped baculovirus vectors engineered to date represent viral particles bearing heterologous glycoproteins on their envelope, similar to other virus vectors, mainly the VSV‐G, expressed either alone or with the endogenous baculovirus surface glycoprotein, gp64 ([@bib0002], [@bib0019], [@bib0032], [@bib0041], [@bib0059], [@bib0060], [@bib0076], [@bib0077]). The primary objective of these studies was to engineer vectors possessing a wider tropism and improved transduction capacity of the target cells as compared to wild‐type baculovirus. Secondarily, the VSV‐G is expected to provide protection for baculovirus vectors against complement inactivation in potential *in vivo* gene therapy applications as has previously been demonstrated for VSV‐G--pseudotyped retroviral vectors ([@bib0058]).

[@bib0002] demonstrated that AcMNPV can be pseudotyped with an envelope glycoprotein derived from another virus. The gene encoding VSV‐G was placed under the transcriptional control of the polyhedrin promoter, providing abundant expression in infected insect cells and subsequent incorporation into budded virions, which exhibited atypical oval‐shaped morphology and occasionally tail‐like structures. However, no further studies have been published where the effect of VSV‐G on the morphology of the budded form of AcMNPV has been described. These pseudotyped viruses improved transduction of HepG2 cells tenfold and also augmented transgene delivery to certain established as well as primary cell lines that are weakly or not susceptible to transduction by wild‐type baculovirus, thus broadening the tropism. In addition, it was speculated that the VSV‐G may augment the escape of the virus from intracellular vesicles via its membrane fusion activity rather than improve viral binding or entry into target cells, hence escalating transport of the viral genome into the nucleus ([@bib0002]). Later, VSV‐G and mouse hepatitis virus S protein (MHV‐S)‐pseudotyped baculovirus vectors were employed as a control system in a study where cell surface components involved in baculovirus infection of insect cells and entry into mammalian cells was explored using baculovirus displaying two copies of gp64 on the viral envelope ([@bib0076]). It was demonstrated that the virus overexpressing gp64, in addition to its endogenous copy of gp64, can incorporate ∼1.5‐ to 2‐fold the normal quantity of gp64 on the budded virion. These modified viruses mediated transduction resulting in 10‐ to 100‐fold increased reporter gene expression in a variety of cell lines as compared to the virus carrying an ordinary amount of gp64. It was also proposed that cell surface phospholipids provide a docking point for gp64, hence assisting viral entrance to mammalian cells ([@bib0076]). [@bib0059] combined tropism modification of baculovirus with transcriptional targeting, designed to be limited to cells of hepatic origin. Accordingly, a VSV‐G--pseudotyped virus, harboring an expression reporter (luciferase) gene placed under the control of a hepatocyte‐specific AFP (α‐fetoprotein) promoter/enhancer, was generated. The virus was able to transduce human hepatoma cells at an efficiency of approximately fivefold greater than the control virus lacking VSV‐G and transgene expression was restricted to cells of hepatic origin expressing AFP, of which concentration is elevated in hepatocellular carcinomas.

The VSV‐G is capable of complementing the function of gp64 by restoring the ability of a gp64‐null virus to assemble and produce infectious budded virions, although the kinetics of infection is somewhat delayed and viral titers reduced by 1 to 2 logs as compared to wild‐type AcMNPV ([@bib0041]). However, these gp64‐null VSV‐G--pseudotyped virions were not tested for transduction of vertebrate cells, thus, whether they could enhance transduction analogous to recombinant vectors coexpressing gp64 and VSV‐G remains unanswered. In addition to VSV‐G, the function of a *gp64*‐deleted AcMNPV has been partially restored by inserting the recently identified F‐proteins from two group II nucleopolyhedroviruses (NPVs), *Lymantria dispar* MNPV and *Spodoptera exigua* MNPV, into the gp64 locus, demonstrating that F‐proteins derived from heterologous NPVs are functional analogs of gp64 ([@bib0040]). Parallel to the VSV‐G/gp64‐null virus ([@bib0041]), infectious viral titers of the F‐protein pseudotypes were somewhat compromised as compared to the wild‐type counterpart, suggesting that the level of compatibility between the F‐proteins and other AcMNPV proteins may not be optimal. Further, the capacity of these F‐protein--pseudotyped vectors for gene transduction of mammalian cells remains to be explored.

The efficiency of gene delivery *in vivo* has also been explored using VSV‐G--pseudotyped baculovirus vectors. The modified virus enhanced transgene delivery by five‐ to tenfold when mouse myoblasts and myotubes were transduced *in vitro* ([@bib0060]). Similarly, the same increase in reporter gene (β‐galactosidase) expression was detected *in vivo* after injection of the VSV‐G--pseudotyped vector in the quadriceps of BALB/c and C57BL/6 mice. Moreover, expression of the transgene, mouse erythropoietin, was monitored to last for 35 and 178 days in the skeletal muscle of BALB/c or C57BL/6, and DBA/2J mice, respectively ([@bib0060]). The VSV‐G--coated baculovirus also exhibited improved resistance to inactivation by human, rabbit, guinea pig, hamster, and mouse, but not rat sera ([@bib0077]). This modified virus could also be used for transduction of the cerebral cortex and testis of mice by direct inoculation *in vivo*. No comparisons were conducted, however, with the unmodified virus to evaluate putative enhancement in transduction efficiency. A truncated form of VSV‐G (VSV‐GED), composed of the cytoplasmic and membrane‐spanning domains in addition to the 21‐amino acid ectodomain, was shown to enhance transduction by the VSV‐GED--pseudotyped baculovirus both *in vitro* and *in vivo* ([@bib0031]). Thus, the enhancement of virus transduction, which is characteristic of full‐length VSV‐G, was retained by the truncated form. It was speculated that the improved gene delivery was due to possible augmentation of gp64‐mediated release from endosomes during viral entry into the target cells. Moreover, induction of humoral and cell‐mediated immune response has been studied with a recombinant baculovirus vector displaying VSV‐G on the viral surface and expressing hepatitis C virus glycoprotein, E2, under the CMV promoter. The results demonstrated that cell‐mediated immunity to the E2 antigen can be elicited in mice by injecting recombinant baculovirus vectors expressing the target antigen and that the display of VSV‐G on the viral surface increases the immunogenic efficiency tenfold leading to greater induction of E2 antigen‐specific CD8^+^ T cells ([@bib0019]). Ligand‐directed gene delivery was achieved by pseudotyped *gp64*‐deleted baculovirus vectors carrying measles virus receptors, CD46 and SLAM, on their surface ([@bib0032]). The viruses were able to replicate and spread infection in gp64‐complementing *Sf*9 cells, whereas virus propagation was strongly reduced in cells not expressing gp64. However, after three rounds of passage of the pseudotyped viruses, the gp64‐coding gene was integrated into the baculovirus genome probably through nonhomologous recombination. The corresponding viruses were able to target gene delivery to BHK cells expressing the measles virus H and F envelope glycoproteins and the transduction could be inhibited by pretreatment with specific monoclonal antibodies for the displayed ligands. A short hairpin RNA (shRNA) delivery system mediated by a VSV‐G--displaying baculovirus vector was generated, resulting in knock down of an endogenous reporter gene, *EGFP*, and suppression of porcine reproductive and respiratory syndrome virus replication in tissue culture ([@bib0039]), highlighting the potential of recombinant baculovirus as an alternative vehicle for antivirus shRNA delivery.

Overall, the AcMNPV‐pseudotyping system provides an efficient and powerful method for examining the functions and compatibilities of heterologous viral or cellular membrane proteins as well as enabling diversification or constraint of the viral tropism. The selection of cell surface components during virus assembly in infected insect cells is flexible enough to allow incorporation of unrelated membrane proteins into baculovirus particles, yet specific enough to exclude the bulk of host proteins. The first proofs of the principle were the VSV‐G--pseudotyped (gp64‐null) baculovirus vectors, which retained their ability to replicate in insect cells and transduce a large collection of mammalian cells. VSV‐G may use common cell surface determinants as putative receptor molecules, rendering the VSV‐G--pseudotyped baculovirus vectors inappropriate for cell‐specific gene delivery, but ideal in applications where a limited tropism is not required. Thus, such pseudotyped vectors would be particularly suitable for *ex vivo* gene therapeutic applications where there is no risk of transducing nontarget cell populations. The introduction of ligands with high and specific avidity into the viral envelope, as demonstrated by [@bib0032], could also enable baculovirus targeting *in vivo*.

IV. Baculovirus Display of Immunogens {#sec0004}
=====================================

For generation of antibodies by traditional procedures, the protein or peptide is produced in a system of choice and subsequently purified before immunization. This is often cumbersome, and more importantly, the final product may not be correctly folded---an essential requirement for an adequate immune response in the host, and thereby, for generation of functional antibodies. In addition to recombinant proteins, several other systems including phage display, DNA‐based immunization, as well as recombinant viral infections and/or fusions to viral proteins are available for generation of antibodies. Here, examples from the literature are presented where baculovirus surface display has been employed for generation of functional monoclonal antibodies against proteins of different origin. Several reports also show clear evidence that display of the immunogen on the viral surface can elicit protective immune responses against viral or parasite infections by using animal models.

To produce monoclonal antibodies against the human nuclear receptors LXRβ and FXR, the N‐terminal domains of these antigens were displayed on the baculoviral surface by inserting the corresponding coding sequences between the signal sequence and the mature domain of gp64 of AcMNPV ([@bib0037]). This study illustrated that baculovirus display is a versatile tool applicable for antigen presentation and for rapid production of functional monoclonal antibodies once the antigen‐coding sequence is available ([@bib0037]). Similarly, monoclonal antibodies against human peroxisome proliferator‐activated receptors (PPARs) using baculovirus display have been generated. The amino terminal sequences of human PPARd and PPARg2 were placed at the N‐terminus of gp64 and antibodies were raised by immunization with whole virus without prior purification of the immunogens ([@bib0074]). The antibodies generated by this method were functional in a variety of techniques such as immunohistochemistry, immunoblotting, and electrophoretic mobility shift assays. Antigenic epitopes of *Theileria parva*, an intracellular protozoan parasite that causes East Coast fever, a severe lymphoproliferative disease in cattle, were also successfully presented on the surface of AcMNPV by adopting the gp64 N‐terminal fusion strategy ([@bib0030]). This approach was applied because previous attempts to produce recombinant sporozoite surface antigen (p67) in bacterial or insect cells for vaccine purposes had not resulted in correctly folded protein molecules. Further, a small, immunodominant antigenic site (site A) and the large polyprotein (P1) coding for the four structural proteins of foot‐and‐mouth disease virus (FMDV) have been displayed on the membrane of infected insect cells and consequently on the baculoviral surface by fusion to the N‐terminus of gp64 ([@bib0072]). Later, the investigators have shown that these FMVD antigens were able to elicit a specific immune response against FMVD in mice ([@bib0073]). Similarly, [@bib0086] have shown that the rodent malaria *Plasmodium berghei* circumsporozoite protein (PbCSP) displayed on the surface of baculovirus as a fusion to gp64 protects mice against a malaria sporozoite infection.

[@bib0080] used an alternative approach of exploiting the baculovirus for monoclonal antibody production by displaying an integral ER membrane protein SCAP on the extracellular, budded form of the virus. Thus, SCAP was not displayed as a fusion to baculovirus specific proteins. SCAP is known to be involved in cleavage of sterol element‐binding protein‐2, hence its function is tightly coupled to cholesterol regulation ([@bib0080]). Other membrane receptors, such as the β‐adrenergic receptor ([@bib0038]) and the leukotriene B4 receptor (BLT1) ([@bib0043]) residing on the plasma membrane have also been functionally displayed in the same context.

In addition to AcMNPV, *Bombyx mori* NPV (BmNPV) has been modified to display immunogens with similar aims as described earlier. [@bib0063] displayed the immunodominant ectodomains of the fusion glycoprotein (F) of peste‐des‐petitis‐ruminants virus (PPRV) and the hemagglutinin protein (H) of rinderpest virus (RPV), on budded virus particles. The strategy was identical, in that the antigens were fused to gp64 of BmNPV and expressed under transcriptional regulation of the polyhedrin promoter. The investigators showed that the antigenic epitopes were properly displayed and that the recombinant virions were able to induce an immune response in mice against both PPRV and RPV. Finally, [@bib0010] aimed to produce a recombinant baculovirus that mimics severe acute respiratory syndrome corona virus (SARS‐CoV) in its host range and infection mechanism. A baculovirus displaying a 688‐amino acid fragment of SARS‐CoV S glycoprotein as a gp64 fusion was generated and then used to examine the effect on the IL‐8 release in A549, NCI‐H520, HFL‐1, and MRC‐5 cells ([@bib0010]).

Together, these reports provide convincing evidence that baculovirus can be used for the functional display of heterologous proteins on its surface through budding from the infected insect cell. Consequently, the baculovirus‐displayed immunogens have been used to elicit immune responses needed for production of monoclonal antibodies and/or to protect the animal host against a viral or parasite infection.

V. Generation of Display Libraries {#sec0005}
==================================

Display on the surface of bacteriophage is currently the most widespread method for display and selection of large collections of antibodies. This approach is robust, simple to use and, in addition, highly versatile. The selection procedures can be adapted to many specific conditions including selections on whole cells, tissues, and even animals. Originally, generation of eukaryotic cDNA libraries was based on plasmid vectors capable of replicating in particular eukaryotic cell types. During the last decade, however, a variety of display methods and other library‐screening techniques have been under study for isolating monoclonal antibodies from collections of recombinant antibody fragments. The development of virus‐based cDNA expression libraries has offered several advantages over nonviral vectors regarding host cell tropism, transduction efficiency, stability of transgene expression, and production of the vector in high quantities.

In 1997, [@bib0022] aimed to develop a rapid method for generating baculovirus‐based cDNA expression libraries for screening cell surface molecules, for which antibodies are available beforehand and whose expression pattern is restricted to particular cell types. The first proof of principle was gained by cloning a cDNA pool, reverse transcribed from human placenta, into the baculovirus genome and sorting the virus‐infected insect cells by flow cytometry using monoclonal antibodies of an unknown specificity as probes. By this method, single positive cells could be sorted and viruses carrying the cDNAs encoding the cell surface epitopes isolated. The first demonstration of using baculovirus display for generation and screening of expression was described by [@bib0017]. An HIV‐1 gp41 epitope (ELDKWA), specific for the neutralizing human mAb 2F5, was inserted into the antigenic site B of influenza virus A hemagglutinin, and expressed on the surface of baculovirus‐infected insect cells. The epitope was displayed in a library form, such that each clone contained different amino acids adjacent to the epitope. Thus, the purpose of the experiment was to alter the structural environment so that the corresponding epitope would be presented in the most accessible way, leading to an increased binding capacity of the mAb. The library consisted of 8000 variants out of which one clone showed an increased specific binding capacity when screened by fluorescence activated cell sorting ([@bib0017]). Later, the group also described a system where the same epitope as well as the biotin mimic streptag II were inserted at position 278 of gp64 ([@bib0018]). The fact that the insertions into the coding sequence of the major envelope protein of the virus did not alter virus propagation may be of value in further development of display libraries.

[@bib0012] have described the use of baculovirus‐infected insect cells as a display platform for class II major histocompatibility complex (MHCII) molecules covalently bound to a library of potential peptide mimotopes. The sequence encoding the peptide was embedded within the genes for the MHC molecule in the viral genome. Thereby, each insect cell infected with a virus particle from a library coding for different peptides, displayed a unique peptide--MHC complex on its cellular membrane. [@bib0012] were able to identify such peptide mimotope--MHC complexes that bound to the soluble receptors and stimulating T cells bearing the same receptors by "fishing" with fluorescent, soluble T cell receptors. These findings should, therefore, have implications for the relative importance of peptide and MHC in T cell receptor‐ligand recognition. Later, the same group used this baculovirus‐based display system for identification of antigen mimotopes for MHC class I‐specific T cells ([@bib0083]). Here, a mouse MHC class I molecule was displayed on the surface of baculovirus‐infected insect cells with a 9‐ to 10‐mer peptide library tethered to the N‐terminus of beta2 microglobulin via a flexible linker. Although there are relatively few studies on libraries generated by using baculovirus/insect cell technology, the present examples clearly show that this technology has potential and interest in further development and utilization of this technology will likely increase.

VI. Summary {#sec0006}
===========

In this chapter, we have given a "state of the art" overview of strategies and technologies developed for display of foreign peptides and/or proteins on the surface of baculovirus‐infected insect cells and budded baculovirus particles. Data on virus targeting and transgene expression in mammalian cells, and on the generation of libraries for studying molecular recognition and protein--protein interactions using these techniques were summarized. Production of monoclonal antibodies by utilization of these techniques and the benefits of using baculovirus display to elicit protective immune responses in animal models were reviewed. Together, these studies show the potential for baculovirus within these areas of research and illustrate that further development and broadening of the interdisciplinary applications of this versatile and unique insect virus are justified.
